ABSTRACT. Previous studies show an inability of the species in that they have a high intracellular sodium concentraskeletal muscle cell and red blood cell to maintain sodium, tion and lack a classical sodium-potassium pump (10, 11). Nupotassium, and calcium homeostasis during hemorrhagic merous studies by Parker showed that the dog red blood cell shock in adults. However, there is no information on the regulates internal volume by accumulating or extruding sodium. cellular effects of shock in the neonate. This study exam-The outward sodium transport occurs against an electrical grained the effects of hemorrhagic shock on red cell membrane dient and requires external calcium. Much evidence supports the function in a newborn canine model. Changes in sodium, presence of a red blood cell ATP-dependent calcium extrusion potassium, calcium, and magnesium concentrations in red pump. Despite the differences between canine somatic and red blood cells and plasma were correlated with changes in blood cells, both require high energy phosphate stores (ATP) to intracellular and plasma ATP levels. Newborn dogs (n = maintain electrolyte homeostasis and intracellular volume (8-36), 10 to 14 days of age and weighing 501 to 707 g, were 18). studied. After baseline studies (blood pressure, heart rate,
36), 10 to 14 days of age and weighing 501 to 707 g, were 18). studied. After baseline studies (blood pressure, heart rate,
The purpose of the present study was to examine the effects temperature), electrolyte and ATP concentrations in red of acute blood loss on red blood cell sodium, potassium, and blood cells and plasma were measured. The dogs were then calcium concentration in a newborn canine hemorrhagic shock bled 40% of their estimated blood volumes. All parameters model and to correlate electrolyte shifts with the concentration were measured after 1 h of shock. This shock model of intracellular ATP. We hypothesized that shock-induced depleproduced hypotension, bradycardia, and acidosis. The red tion of intracellular ATP would impair the active calcium extrublood cell sodium, calcium, water, and ATP content in-sion pump, resulting in progressive calcium accumulation by the creased in shock, whereas intracellular magnesium fell. dog red blood cell. In addition, shock was expected to alter Red blood cell potassium levels, plasma sodium, and cal-volume regulation of the newborn canine erythrocyte. cium concentrations were not significantly altered in shock, although plasma potassium and magnesium levels rose. Our data show that shock in the newborn disrupts cell MATERIALS AND METHODS membrane integrity. Intracellular accumulation of sodium A total of 36 newborn dogs, 10-14 days of age and weighing and despite ATP uptake, sug-between 501 and 707 g were anesthesized with pentobarbital (1 5 gesting that high energy deficits are not the primary mech-mg/kg). Each dog was restrained and a warming blanket was anism contributing to electrolyte imbalance in newborn used to maintain a body temperature of 37.5" C. Respiration was shock. (Pediatr Res 24: 438-441,1988) spontaneous. Cannulae were placed in the femoral arteries for continous blood pressure monitoring (Statham, model PE23ID, Statham Gould Medical Products, Oxnard, CA) and collection of blood samples. Arterial blood gases and arterial oxygen content Previous studies in our laboratory show that hemorrhagic were measured using a Radiometer blood gas analyzer (model shock in the adult dog alters cell volume regulation, resulting in ABL39 American TX). Each animal increased intracellular water and sodium and a loss of cell received heparin (100 U/kg) to prevent clotting of catheters potassium (1,2). Shock-induced redistribution of fluid and elec-during the experimental period. trolytes has been attributed to loss of cell membrane intergrity Blood Pressure, heart rate, respiratory rate, and temperature and depletion of intracellular ATp (3) (4) (5) (6) (7) (8) (9) . Altered electrolyte were recorded after induction. A baseline blood sample (4 ml) transport in shock is thought to represent generalized cellular Was obtained for determination of sodium, potassium, calcium, dysfunction in a low flow state. ~l t h~~g h derangements in magnesium, and ATP concentrations in plasma and red blood skeletal muscle and red blood cell function have been well characterized in adult hemorrhagic shock (7), there are no studies were centrifuged at 30~000 rpm (SOrval~ of the cellular effects of hemorrhagic shock in the neonate. The RC2B7 Sorvall Instruments, Wilmington, DE). he ~l a s m a and ease of obtaining isolated cells make the red blood cell model huffy coat layers were removed. ~pproximately 100-to 150-mg attractive for serial assessment of cellular dysfunction in newborn aliquOts the red pellet were transferred to each of shock.
three weighed containers and reweighed to five decimals (Cahn, ~o g red blood cells differ from those of many mammalian TA450, Cahn Instruments I~c . , ' In conducting the research the investigators adhered to the National Institutes 14, 19) . The remaining aliquot of red blood cells was washed of Health and American Physiological Society guidelines for use of experimental twice with isotonic media (5" C ) and recentrifuged as described animals.
above. For calcium and magnesium measurements, red blood cells were washed with LiCl (120 mM) at a cell to medium volume of 1/20 and centrifuged at 0" C as previously described (1 6). After the last wash, cells were resuspended in an equivalent volume of LiCl wash. A total of 10 p1 of the resuspended, washed cells was aspirated by an automatic sampler into a Perkin-Elmer atomic absorption spectrophotometer (model 305B, Perkin Elmer Corp., Nonvalk, CT). Calcium and magnesium concentrations were measured. Preliminary studies in our laboratory confirm previous reports that the procedures used in cell washing, incubation, and centrifugation did not alter water or electrolyte content of the red blood cells (16, 17, 19, 20) . The electrolyte content in packed red blood cells was expressed as mM/liter cell water.
ATP concentrations in red blood cells were determined using enzymatic techniques. The enzyme phosphoglycerate phosphokinase catalyzes the reaction between ATP and 3-phosphoglycerate. The reaction is coupled with glyceraldehyde 3-phosphate dehydrogenase-catalyzed dephosphorylation and oxidation of NADH. Changes in absorption at 340 NM (Gilford Spectrophotometer, model 240, Gilford Instrument Laboratories, Oberlin, OH) which occur with oxidation of NADH to NAD provide a sensitive and specific measure of ATP. The ATP content in packed red blood cells was calculated as previously described (4, 7).
After completing baseline measurements, hemorrhagic shock was produced by withdrawing 40% of the estimated total blood volume into a heparinized reservoir over a 15-min period. Total blood volume was calculated as 85 ml/kg body weight. The initial volume of blood collected for measurement of pH, blood gases, and electrolyte concentrations was calculated as part of the 40% hemorrhage. Vital signs were recorded every 15 min after the withdrawal of blood and the second blood sample was drawn after 1 h of sustained shock.
All values obtained during shock were compared to values measured in the control period. All values are reported as mean k SEM. Statistical analysis included an analysis of variance and repeated measures procedure (Student Newman-Keuls). Differences were considered significant at p < 0.05.
RESULTS
Removal of 40% of the calculated total blood volume and 1 h of shock caused mean arterial blood pressure to fall 33% (from 80 & 3 to 50 f 3 mm Hg) whereas heart rate fell 1 1 % (from 166 f 4 to 145 f 6 beats/min) (Fig. 1) . Hypotension was associated with acidosis (mean pH = 7.16 f 0.04; HCO, = 11.0 f 1.4 mEq/liter). An increased respiratory rate in the newborn dog subjected to hemorrhage (from 1 1 f 1 to 16 f 2 breathslmin) caused arterial pcoz to fall (from 42.5 f to 32.0 f 2 mm Hg) whereas pO2 increased (from 78 f 4 to 94 + 4 mm Hg). These shock-induced changes in acid-base balance and hemodynamics were significant at p < 0.05. Arterial oxygen content remained stable at 1 1.5 m1/100 throughout the study period. Hematocrit fell from 30 k 0.5 to 25 + 0.5 after hemorrhage.
The sodium and calcium content of red blood cells (mM/liter cell water) increased significantly during shock in the newborn (sodium from 119 f 3 to 128 f 2 mM/liter cell water, p < 0.05, calcium from 1.55 f 0.05 to 2.65 f 0.04 mM/liter cell water, p < 0.05) whereas intracellular magnesium fell from 7.62 f 0.12 to 6.04 * 0.10 mM/liter cell water, p < 0.05 (Fig. 2) . Red blood cell potassium content was unchanged during shock. Red blood cell water increased significantly from a baseline value of 626 + 1.2 g/kg red blood cell to a value of 636.8 k 2.9 g/kg red blood cell after 1 h shock ( p < 0.05). Although there was a tendency for the ATP content of red blood cells to increase and plasma ATP concentration to fall, these changes were not statistically significant. In addition, the mean plasma sodium, calcium, and potassium (mM/liter) concentrations measured in shock were not statistically different from control values. However, plasma magnesium concentration in shock (1.81 k 0.03) was signifi- 
DISCUSSION
Whereas previous studies confirm cellular dysfunction in adult hemorrhagic shock as indicated by intracellular-extracellular redistribution of water and electrolytes in skeletal muscle and myocardium and a fall in skeletal muscle transmembrane potential (1, 2, 8), there are no studies of the cellular effects of hemorrhage in the newborn. The ease of obtaining isolated cells make the red blood cell model attractive for repetitively assessing cellular function in newborn shock. In this study, the dog was chosen as a model for cellular dysfunction in neonatal hemorrhagic shock. Dog red blood cells differ from other mammalians in their regulation of cellular electrolytes, suggesting that an alternative animal model would be preferable for assessing cellular dysfunction. However, the hemodynamic responses and fluid derangements in newborn shock have been well characterized by our laboratory using a canine model (2 1). Furthermore, the ready availability of the dog led us to continue our study of shock-related changes in cellular function in this model.
In our present study, newborn shock altered cell volume as indicated by the rise in red blood cell water content. Cellular edema was accompanied by a significant increase in red blood cell sodium and calcium content. These data are consistent with shock-induced sodium influx in canine somatic cells (I), human (22) , rat (5, 23) , and baboon red blood cells (7) . It was of interest that newborn shock caused a significant fall in bicarbonate, a factor that should decrease cell membrane permeability. The fall in bicarbonate concomitant with increased cell volume was expected to decrease sodium influx. Therefore, an increase in sodium influx mediated by shock would have to be sufficient in magnitude to overcome these two physiological mechanisms.
The increased sodium content of the red blood cell in newborn shock could result from a loss of cell membrane integrity and a selective increase in membrane permeability to sodium; in this situation, sodium would flow down the concentration gradient into the red blood cell. Alternatively, sodium influx in shock could result from a decrease in external calcium because active sodium extrusion by the canine red blood cell requires external calcium. In our study, plasma calcium and sodium concentrations did not change in shock. In addition, sodium influx was not associated with any change in intracellular potassium content. Our data suggest that the significant rise in red blood cell sodium content was related to a selective increase in sodium permeability induced by the low flow state.
In the newborn red blood cell, calcium influx occurred in shock despite a profound acidosis, a condition that does not favor calcium accumulation by the canine erythrocyte. Although intracellular-extracellular electrolyte gradients are important in red blood cell volume regulation, the mechanism by which calcium alters transmembrane sodium movement and volume in the dog red blood cell remains unclear. In our study, the increased intracellular calcium during shock is consistent with studies by Parker (16) who showed that cellular swelling or a high intracellular sodium favors calcium influx. These data indicate coupled sodium-calcium transport by dog red blood cells or alternatively, competition for a cell surface transport site. It is likely that transmembrane calcium movement in the dog erythrocyte includes passive calcium flux and an ATP energy-dependent pump that actively extrudes calcium, maintaining a low cytoplasmic calcium concentration.
Several studies have described depletion of intracellular ATP stores in hemorrhagic shock (24) (25) (26) . One might expect that if shock depleted intracellular ATP stores, the calcium extrusion pump would be inhibited, resulting in intracellular calcium accumulation. However. in this studv. ATP content of the new- that the tendency for cellular ATP to increase in newborn shock reflects decreased energy use in a low flow state (27) . Brown (1 0) reported that calcium extrusion by the dog red blood cell was dependent on both intracellular ATP and magnesium (10) . Therefore, we must consider the possibility that increased calcium content of the erythrocyte in newborn shock was related to the loss of intracellular magnesium. In our study, intracellular magnesium content fell during shock, suggesting that shockaltered calcium transport by the canine erythrocyte was related in part to red blood cell magnesium content. In this study, the hemodynamic and acid-base response to shock confirm a previous report from our laboratory of bradycardia and acidosis in newborn shock (28) . In contrast, hemorrhagic shock in the adult dog impairs hemodynamic function and produces a profound tachycardia (2 1).
In summary, our data indicate that a pathophysiological situation such as shock alters erythrocyte water and electrolyte content in the newborn dog. This study does not clarify the mechanism by which sodium-calcium exchange regulates red blood cell volume in the dog model. The intracellular accumulation of sodium and calcium occurred despite cell ATP uptake, suggesting that high energy deficits are not the primary mechanism contributing to electrolyte imbalance in shock. 
